A model is presented, which describes the stimulated Brillouin scattering (SBS) of a randomized laser beam interacting with an underdense, expanding plasma. The model accounts for the self-focusing of speckles in the regime where plasma heating has an important effect on speckle self-focusing and on SBS threshold and reflectivity. The model exhibits a good agreement with SBS levels measured at the LULl multi-beam facility for a broad range of the laser and plasma parameters and both types of beam smoothing -RPP and polarization smoothing (PS). The model and experiments confirm that the PS technique allows to control the SBS level more efficiently than RPP.
INTRODUCTION
SBS may reflect a significant part of the laser energy and degrade the laser coupling to the target inder the ICF conditions. A significant progress in understanding of the SBS has been achieved when it has been recognized that the SBS is originating from high intensity speckles of a randomized laser beam.' Existant SBS models2'3 account for speckle statistics, self-focusing of the laser light in speckles, and for the convective SBS amplification and saturation. They had already demonstrated a good agreement with the experiments. 4 In the present formulation we account for recent achievements in the theory of nonlocal plasma transport and laser speckle statistics and incorporate them in the model. Plasma heating makes a significant impact on SBS: it results in a lower threshold for the SBS excitation and also in more pronounced density depletion which saturates the SBS reflectivity at a lower level. This advanced model demonstrates much better agreement with experimental data on the SBS reflectivity, time history and the spatial location of the SBS activity for different laser intensities, smoothing techniques, and plasma targets.
SBS FROM SELF-FOCUSED SPECKLES 2.1. Model for the speckle self-focusing
The present model extends the SBS model for ponderomotively self-focused speckles2'3 such that collisional effects are now taken into account. Same as the ponderomotive model, it is based on an assumption that each representative speckle is in a stationary state, that is, the characteristic time of variation of laser and plasma parameters is longer than the self-focusing time, ao/c3, and the SBS saturation time, la/Cs. Here, c5 is the ion acoustic velocity, ao is the speckle radius, 1a = 11aLv is the SBS convective amplification length, a is the normalized ion acoustic wave damping, and L is the inhomogeneity length of the plasma expansion velocity. For the typical parameters: Va = 0.1, ao = 3 im, The beam power P is conserved and the equation for the beamlet radius a(z): ka3da = 1 + 2 (w/c)2 f rdr (1 -r2/a2) (6fl/fle) exp(-r2/a2) , (1) has been derived by taking the radial moments of the paraxial wave equation. This method of moments agrees exactly with the variational method3 for the case of ponderomotive nonlinearity and is also in much better agreement with the numerical simulations than the paraxial ray method. The density perturbation in the speckle, on, is defined by a combined action of the ponderomotive and thermal nonlinearities:
where Wpe 5 the electron plasma frequency, Jo is the zeroth order Bessel function, p = P/Pa 5the ratio of the beamlet power to the critical power for the ponderomotive self-focusing, and the function A5 accounts for the ponderomotive and thermal effects:
The temperature perturbation, 5T can be expressed in a similar way as Eq. (2) with the function A substituted by AT = -1/3 -O.91Z5/7(kAej)4/7, which accounts for the heat transport from the speckle.
Equation (2) and the similar equation for 6T are valid for InI << e and ITI << Te. We extrapolate these formulae to finite amplitude perturbations with two modifications: (i) we introduce the exponential saturation of the density perturbation, n(r)/ne 4 exp(n/ne), and (ii) we account for an increase of the electron mean free path due to the density depletion and temperature increase in the speckle:
Then we solve Eq. (2) and the similar equation for 5T for on-axis density and temperature perturbations, and the renormalized electron mean free path has been used then in Eq. (1) in calculations of the integral in the right hand side. The empirical coefficient controls the depth of the density channel and the level of SBS reflectivity. We define 0.5 by matching the calculated SBS reflectivies to the experimental data.
Single-speckle SBS reflectivity
The equation for the SBS power, PB , has been derived2 with the assumption that the three-wave SBS interaction length, la, 5 shorter than the characteristic length of the intensity variation along the speckle axis: dZPB = -f zfl(i3) exp 2GB, where e is the effective noise level and zM is the effective angle of the SBS emission. In the present formulation we account for the intensity variation within the SBS interaction length, which may occur in the regime of strong self-focusing: the SBS gain GB and the parameter /3 were integrated over the resonance length. For example, GB(Z) = I dz'gB(z')/{l + (z -z')2/l], where g = 'y/'yalVs 5 the local SBS spatial growth rate which includes the effects of density inhomogeneity, intensity enhancement, local heating, and the density depletion. The dependence of SBS emission angle on fi is described in_Ref. 3, and the parameter fi is defined by a similar formula with g in the right hand side substituted by gB/koa2.
The SBS reflectivity, RB(P), is calculated for a given input power P after Eq. (1) is solved for a known axial dependence of the speckle radius, a(z). The dependence of the SBS reflectivity on the speckle power is shown in Fig. la for a weakly collisional case, ao/Aej 0.5 for f-number 6 and 0.25 for f = 3. The cases of the ponderomotive self-focusing and SBS without self-focusing are shown for comparison. There are two effects associated with the thermal nonlinearity: (i) the threshold of self-focusing (and the SBS threshold, correspondingly) is reduced due to the speckle heating as compared to the ponderomotive case, and (ii) above the self-focusing threshold the level of SBS reflectivity is reduced because of much stronger density depletion and temperature enhancement in the speckle.
It is important to notice that the full model demonstrates a weak dependence on f-number, which is not the case for the models without thermal effects.
Macroscopic SBS reflectivity
The local macroscopic backscattering reflectivity, is defined as an ensemble average of a single-speckle reflectivity, assuming that all speckles are independent. According to Ref. 2, (R) describes an increase of the SBS intensity within one Rayleigh length, LR = k0a: (R) = f udu f (u)RB(1ra(I)u), where (I) is the local average laser intensity.
The limits of integration, Umjn 1.5 fld Umax 10, where chosen in such a way that they do not affect the result in the parameter range we considered. The speckle distribution function the RPP beam6: fRpp(u) O.95u3/2e_u. For the PS case, which corresponds to the overlay of two }tPP fields of a half of average intensity and orthogonal polarizations, fps(u) = 2fRpp(2u). A relation between the radius of the Gaussian beamlet introduced in Sec. 2.1 and the laser beam f-number was chosen in such a way that the Gaussian speckle has the same power and the same maximum intensity as the cylindrical fiat-top RPP speckle6: ao = (2/ir) f A0. A typical dependence of the averaged SBS reflectivity on the plasma density and the laser intensity is shown in Fig. lb. (The PS reflectivity demonstrates a similar behavior, but it is always lower than the RPP reflectivity because there are less high intensity speckles in the PS case.) The SBS reflectivity exponentially increases with the density, while it clearly saturates as a function of the laser power, and it also exhibits a very weak dependence on the beam f-number. These dependences are similar to what has been observed in the LULl experiments. Using these parameters we calculated the density dependence of the total, space and time integrated SBS reflectivity for a given laser pulse energy and compared it with the observations in Fig. 2a . The results from the models with the ponderomotive self-focusing and without any self-focusing are shown also for comparison. It is evident that the thermal effects on self-focusing are essential to explain the experiment. One can see two different slopes in the reflectivity dependence on the density which correspond to two different effects in the SBS saturation. Namely, the SBS is saturated due to the density depletion at low intensities, umax < O.2n, and due to the pump energy depletion for umax > O.2n.
The energy dependence of the integrated SBS reflectivity is shown in Fig. 2b for the case of f/6 RPP laser beam. The model is in agreement with observations for the whole range of the studied energies. Tt explains the SBS threshold at the level of lO' W/cm2. The SBS models without thermal effects are not able to reproduce the experimental results. The ponderomotive self-focusing predicts an about two times higher threshold and too high reflectivity. The SBS model without self-focusing predicts even higher threshold and very different dependence of the reflectivity on the laser energy. Similarly to what has been observed in the experiment, the model reflectivity weakly depends on the f-number for the same laser pulse energy and it also predicts a correct time evolution and spatial location of the SBS.
DISCUSSION
This comparative analysis illustrates that the present model incorporates the important elements of the SBS physics relevant for the parameters of the present experiments. Speckle self-focusing is required to explain the SBS at low beam energies and the ratio of SBS reflectivities for the RPP and PS beams. Thermal heating in a speckle further decreases the SBS threshold and it also enhances the density and temperature perturbations, which are the important factors for the early SBS saturation. Similar results have been obtained for the plasma with the maximum density at the peak of the laser pulse of 0.1 and 0.4 of the critical density and for the aluminum plasma. Thermal effects are also important for the plasma in NIF and LMJ targets. The electron density in hohiraums is about 1021 cm3 and the electron mean free path is a few microns for the electron temperature of 3 keV in the CR plasma. The thermal effects are already important under such conditions, but they would be even more important in a high-Z plasma near hohlraum walls where the electron mean free path could be less than a tenth of micron. 
